ABSTRACT
Introduction
Cellulose is the most abundant polymer in nature and should give sufficient substrate for human nutrition and bio-industries. The cellulolytic enzymes have three main types of activities: endoglucanase, exoglucanase, and β-glucosidase; and are wide spread among bacterial and fungal strains (2) . β-Glucosidase (β-D-glucoside glucohydrolase, EC 3.2.1.21) constitutes a major group among the glycoside hydrolases. β-Glucosidase catalyzes the hydrolysis of arylglucosides, alkylglucosides, cellobiose, and cellooligosaccharides, and is common among plants, fungi, and bacteria (5) . The enzymes produced by microorganisms can be used in commercial applications and can help gain new information that allows more effective use or improvement of microbial cultures. β-Glucosidases are of particular interest in view of the many potentials for their biotechnological and medicinal applications. The use of enzyme preparations as processing aids has become common practice in wine and fruit juice production. Microbial β-glucosidases are useful enzymes in the wine-making industry, where they liberate the potential aromatic compounds in order to increase the amount and quality of the flavor. Although there are many reports on the production of β-glucosidase from yeast (Pichia etchellsii), mesophilic fungi (Aspergillus sp.), thermophilic fungi (Melanocarpus sp.) and hydrocarbon utilizing novel fungus (Cladosporium resinae) (6, 7, 13, 14) , fusion strains of Aspergillus oryzae and Aspergillus niger, which have immense potential as a source of exoenzymes, are yet to be harnessed as a source of β-glucosidase for commercial application.
With regard to biotechnological production processes, in which even small improvements can be decisive for commercial success, process optimization is presently an undisputed component of the agenda of any commercial concern. In fermentation technology, improvements in the productivity of the microbial metabolite are achieved, in general, by strain improvements as the result of mutation selection (15) . Establishing a suitable enzyme production technology is the crucial step in a biological process. The conventional method of medium optimization involves changing one independent variable at a time while fixing all the others at a certain level. This method is very time-consuming and requires a large number of experiments to determine the optimum levels (1). It does not include the interactive effects among the variables and is therefore unreliable (4). Statistical optimization is preferable because it helps to evaluate the interactions among the possible influencing parameters with a limited number of experiments. One of the most widely adopted statistical techniques for optimization of biological processes is Box-Behnken design.
For development of efficient fermentation, some parameters should be optimized due to their impact on the economy and practicability of the process, such as initial pH, temperature, substrate concentration, cultivation time, and aeration (17) . The variables (initial pH, concentration of mixed carbon source of bran and starch, ammonium sulphate) that are found significant in this initial screening can be further optimized using response surface methodology (RSM). RSM is a powerful approach for testing multiple process variables since less experiments are needed compared to the study of one variable at a time. Also, interactions between variables can be identified and quantified by such a technique (9 (8) . In this study, we applied RSM, especially Box-Behnken design, to further attempt to enhance the β-glucosidase production. The RSM has been increasingly adopted for optimization of various phases in some fermentation processes. To the best of our knowledge, the application of this technique on optimizing the β-glucosidase production by using fusion strains of Aspergillus oryzae and Aspergillus niger is scant.
Here we attempt to increase the production of β-glucosidase by using fusion strains of Aspergillus oryzae 3.481 and Aspergillus niger 3.316 through the optimization of process parameters applying statistical methods.
Materials and Methods

Microorganism
Aspergillus oryzae 3.481 and Aspergillus niger 3.316 strains were obtained from the China General Microbiological Culture Collection Center. The fused protoplasts of Aspergillus oryzae 3.481 and Aspergillus niger 3.316 have been regenerated on regeneration medium containing (in g·L -1 ): sucrose 0.5, glucose 2.0, peptone 2.0, yeast extract 1.0, and agar 20.0. The fusion strain was selected using the method reported by our research group in a previous manuscript (18) .
Medium composition and culture conditions
The Czapek's medium used for the production of β-glucosidase had the following composition (g·L -1 ): sucrose, 30; NaNO 2 , 2; K 2 HPO 4 , 1; KCl, 0.5; MgSO 4 , 0.5 and FeSO 4 , 0.01. The pH was natural. The seed culture was prepared by inoculating a few spores from the maintenance plate into the culture medium and incubated at 27 °C for 72 h. The inoculum (volume fraction of 10 %) was used for the production of enzyme in 250 mL shaking flask with 50 mL of culture medium. The shaker was run under controlled temperature (30 °C), at 180°rev·min -1 for 7 d. The broth was centrifuged at 19,000×g at 4 °C for 15 min and the supernatant was used as the enzyme preparation.
Inoculum
The protoplasts of Aspergillus niger and Aspergillus oryzae high β-glucosidase producers were prepared, formed, regenerated and fused for screening. The protoplasts of Aspergillus oryzae 3.481 and Aspergillus niger 3.316 were prepared using cellulose and snail enzyme with 0.6 mol·L -1 NaCl as osmotic stabilizer. Protoplast fusion was performed using 35 % polyethylene glycol 4,000 with 0.01 mmol·L -1 CaCl 2 as previously described by our research group (18) . The fused protoplasts were regenerated on regeneration medium and fusants were selected for further studies.
Enzyme assay β-Glucosidase activities were determined in duplicate using salicin as a substrate at a volume fraction of 0.5 %. Assays were performed in acetate buffer pH 4.8 and incubated at 65 °C for 20 min. The amount of released glucose was determined by the 3,5-dinitrosalicylic acid (DNS) reagent method. β-Glucosidase activity was expressed in units (U·mL -1 ), defined as μmol of salicin hydrolyzed by β-glucosidase per minute, under the conditions of the assay.
Analytical procedures
Protein concentration was determined by the Bradford method by reference to a standard calibration curve for bovine serum albumin (BSA). Protein in the column effluents was monitored by measuring absorbance at 280 nm. All experiments were carried out in triplicate to check the reproducibility of the results.
Single-factor test and orthogonal arrays
To examine the effect of the carbon source, nitrogen source, metal ion source, initial pH on β-glucosidase production, orthogonal arrays were used. The orthogonal arrays, data analysis and ANOVA were carried out using DPS v2.0 software.
Box-Behnken design
RSM was adopted in the experimental design as it emphasizes the modeling and analysis of the problem in which the response of interest is influenced by several variables and the objective is to optimize this response (12) . Concentrations of two medium ingredients (mixed carbon source of bran and starch, (NH 4 ) 2 SO 4 and initial pH were optimized through BoxBehnken design (3) of response surface methodology to predict the production of β-glucosidase and the effects of their mutual interactions on enzyme production. A total of 17 experiments were performed. Each independent variable was studied at three different levels (low, medium and high, coded as -1, 0 and +1, respectively). The levels of these variables were determined by preliminary experiments. For convenience, the actual values were converted into coded values. The uncoded and coded independent variables and the experimental design used are given in Table 1 . The software Design-Expert (Version 7.1, Stat-Ease, Inc., Minneapolis, USA) was used for experimental design, data analysis and quadratic model building. The experimental order was randomized. A multiple regression analysis of the data was carried out to define the response in terms of the independent variables. Response surface graphs were obtained to understand the effect of variables individually and in combination, and to determine their optimum levels for maximum β-glucosidase production.
Validation of the model
The statistical model was validated with respect to all three variables within the design space. A verification assay under the optimized conditions was used for validation of the statistical model.
Results and Discussion
Single-factor test Effect of carbon source In order to investigate the effect of nitrogen sources on β-glucosidase production, six carbon sources including bran, corn meal, CMC, mixed carbon source of bran and corn meal, mixed carbon source of bran and starch and mixed carbon source of bran and CMC were investigated at 3 %. As shown in Fig. 1 , amongst the 6 carbon sources examined, the mixed carbon source of bran and starch led to the highest β-glucosidase activity. The effect of the mixed carbon source of bran and starch fractions of 5 %, 7 %, 9 %, 11 %, 13 % and 15 % on β-glucosidase production was studied. The highest enzyme activity was 3.632 U·mL -1 in a mixed carbon source of bran and starch fraction of 9 %. The experimental data were analyzed using Duncan multiple comparison method by DPSv2.00 software. The results are shown in Fig. 2.   Fig. 2 . Effect of mixed carbon source of bran and starch concentration on enzyme activity. Mean ± standard deviation; different lowercase letters indicate the statistical difference (P < 0.05). 
Effect of nitrogen source
To select a suitable nitrogen source for β-glucosidase production, seven nitrogen sources including yeast extract, nh 4 Cl, ammonium oxalate, urea, (NH 4 ) 2 SO 4 , peptone and bean cake powder were investigated at 0.2 %. As shown in Fig. 3 , among the nitrogen sources evaluated, the highest enzyme activity was observed with (NH 4 ) 2 SO 4 .
The effect of (NH 4 ) 2 SO 4 fractions of 0.1 %, 0.2 %, 0.3 %, 0.4 %, 0.5 % and 0.6 % was investigated for β-glucosidase production. The highest enzyme activity was 3.259 U·mL 
Effect of metal ion source
To study the effect of metal ion sources on β-glucosidase activity, conidia were inoculated into the medium containing various metal ion sources, including KH 2 PO 4 (0.1 %), K 2 HPO 4 (0.1 %) and another 5 metal ion sources (MgSO 4 , KCl, NaNO 3 , FeSO 4 and CaCl 2 ) added to the medium at a fraction of 0.05 %. As shown in Table 2 , CaCl 2 and KCl led to the highest β-glucosidase activity. The results of the variance analysis are given in Table 3 . The effect of CaCl 2 fractions of 0 %, 0.02 %, 0.04 %, 0.06 %, 0.08 % and 0.10 % on β-glucosidase activity was studied. The highest enzyme activity was 3.42 U·mL -1 at CaCl 2 fraction of 0.02 % (Fig. 5) .
The effect of KCl fractions of 0.02 %, 0.04 %, 0.06 %, 0.08 %, 0.10 % and 0.12 % on β-glucosidase activity was studied. The highest enzyme activity was 3.566 U·mL -1 at KCl fraction of 0.04 % (Fig. 6) .
Effect of initial pH
The effect of initial pH of 3.0, 4.0, 4.29 (natural pH), 5.0, 6.0 and 7.0 was investigated for β-glucosidase production. The highest enzyme activity was 2.03 U·mL -1 at initial pH of 5.0. The experimental data were analyzed using the Duncan multiple comparison method by DPSv2.00 software. The results are shown in Fig. 7 . The effects of pH can be apportioned to its effects on the substrate as well as to its direct influences on the microbial growth. On increasing pH, the whole cell protein was increased and the substrate became more available to be utilized (10) . The nature of some microorganisms was also simultaneously influenced by other factors such as agitation rate and medium composition (16) .
Optimization of variables using Box-Behnken design
Based on the results of single-factor test and orthogonal arrays, those variables with Prob > F value lower than 0.0136 were selected and further optimized using Box-Behnken design. The Box-Behnken design along with the corresponding experimental values of the β-glucosidase yield is shown in Table 1 . The data were analyzed by multiple regression analysis using the Design-Expert software and the following equation The experimental data were statistically analyzed by analysis of variance (ANOVA) and the results are given in Table 4 . The ANOVA of the quadratic regression model indicated that the model was significant, as the F-value for the model was 6.03. There was only 1.36 % chance that a 'model F-value' this large could occur due to noise. The Prob > F value of the model was 0.0136, which also confirmed that the model was significant. The coefficient estimate and the corresponding Prob > F value (Table 4) suggested that among the independent variables studied, the mixed carbon source of bran and starch and (NH 4 ) 2 SO 4 concentration as well as the squared terms of initial pH had a significant effect on β-glucosidase production.
The coefficient of variation (CV), indicative of the degree of precision with which the treatments are compared, had a lower value, showing greater reliability. Also, the multiple regression coefficient (R The signal to noise ratio (adequate precision) for the model was higher than 1, indicating a good fit.
The effect of the interaction of various physicochemical parameters on β-glucosidase production by fusion strains of Aspergillus oryzae 3.481 and Aspergillus niger 3.316 was studied by plotting the response surface curves against any two independent variables while keeping the third independent variable at the '0' level. Thus three response surfaces were obtained by considering all the possible combinations. The interactive roles of mixed carbon source of bran and starch, (nh 4 ) 2 SO 4 concentration and initial pH on β-glucosidase production are illustrated in the three-dimensional curves of the calculated response surface shown in Fig. 8, Fig. 9 and Fig. 10 . The figures show the contour plots of enzyme activity as a function of the interactions of any couple of variables by holding the other at low value. An increase in β-glucosidase production was observed when the mixed carbon source of bran and starch was decreased together with an decrease in the concentration of (NH 4 ) 2 SO 4 ( Fig. 8) , and the highest enzyme activity (2.572 U·mL -1 , Table 1 ) was obtained when the mixed carbon source of bran and starch and (NH 4 ) 2 SO 4 concentrations were 7 % and 0.4 %, respectively. From the response surface graphs it could be concluded that the optimum values of the mixed carbon source of bran and starch, (NH 4 ) 2 SO 4 concentration and initial pH for the maximum production of β-glucosidase were in the range of (9-11) %, (0.5-0.6) %, (5.0-5.5) %, respectively. The metal ions such as Ca 2+ and K + increased and stabilized the β-glucosidase production; this is possible because of the activation by the metal ions. The β-glucosidase production was 3.704 U·mL -1 of substrate in the original medium with the components at their central levels. The maximum β-glucosidase production yield was 4.124 U·mL -1 in optimized medium composed of mixed carbon source of bran and starch (11 %); ammonium sulphate (0.4 %); pH 5.0; CaCl 2 (0.02 %); and KCl (0.04 %) which is 1-fold higher than the unoptimized medium.
The response surface methodology, a smaller and less timeconsuming experimental design, could generally satisfy the optimization of many microbial processes (11) . The optimum culture medium obtained in this experiment has given a basis for further study with batch or fed-batch cultivation in bioreactor for large-scale production of β-glucosidase from fusion strains of Aspergillus oryzae 3.481 and Aspergillus niger 3.316.
Validation of the model
In order to validate the adequacy of the model, a verification experiment was conducted under various fermentation conditions within the experimental range. The experimental value of β-glucosidase yield was 4.19 U·mL -1 . The results indicated that the model was satisfactory and could considerably enhance the enzyme yield.
Conclusions
Statistical analysis proved to be a useful and powerful tool in developing optimum fermentation conditions. The optimum conditions established for the production of β-glucosidase were mixed carbon source of bran and starch of 11 %, (NH 4 ) 2 SO 4 concentration of 0.4 %, initial pH 5.0, CaCl 2 concentration of 0.06 % and KCl concentration of 0.04 %. Using this statistical optimization method, the β-glucosidase production was 4.124 U·mL -1 .
